Abstract The oxidative degradation of tricyclic antidepressants (TCA) was studied in the presence of a large excess of the oxidizing agents, manganese(III)-pyrophosphate (P 2 O 7 4-), phosphate (PO 4 3-), in acidic media. The products were detected and identified using UV-Vis, ESI-MS and IR methods. The reaction between dibenz[b,f]azepines and manganese(III) ions proceeded via two consecutive reactions: first, acridine analogues were formed, and then a dealkylation process resulted in the formation of unsubstituted acridine. The kinetics of the first degradation step of the TCAs was investigated independently of the slower dealkylation step. The pseudo-first order rate constants (k obs ) were determined for the first degradation process. The reaction between 10,11-dihydro-5H-dibenz[b,f]azepines and the manganese(III) ion resulted in oxidative dehydrogenation, which proceeded via the formation of two intermediates: a free organic radical and a dimeric dication. Further oxidation of the second intermediate led to a positively charged radical dimer as a single final product. Simultaneously, two other substituent cleavage degradation processes occurred, which led to two dimeric derivatives. The kinetic traces were determined to be zeroth order.
Introduction
Manganese complexes are well known in photosystem II as catalysts in the photolysis of water and in mitochondrial superoxide dismutase, which eliminates superoxide ions from eukaryotic cells [1] [2] [3] . A great deal of research investigated the design, synthesis, and evaluation of new catalysts used in the water splitting process and other biochemically important processes [4, 5] . Recently, a new series of manganese(III) complexes was reported as active scavengers of peroxynitrite ion, which is a potent proapoptotic species that plays a critical role in the aetiology of several forms of pain. Peroxynitrite ion is produced by the reaction between reactive oxygen species and nitric oxide [6, 7] . The manganese(III) complexes were reported to be effective oxidants for the degradation of many organic species [8, 9] . This paper focuses on the oxidative transformation of dibenzazepine derivatives. Extensive analyses of dibenzazepine compounds have shown a wide range of biological activities, including antidepressant, analgesic, antihistaminic, and antimuscarinic activities [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . These nitrogen-containing heterocyclic compounds are used to manage neurogenic pain, attention-deficit hyperactivity disorder in children over the age of 6, depression, and a variety of other disorders (i.e., panic or phobic). Recently, dibenzazepine derivatives were shown to suppress cancer growth and induce apoptosis [20, 21] . A series of 11-phenyl-[b,e]-dibenzazepine compounds was determined to be inhibitors of tumor cell proliferation with IC50 values ranging from submicromolar to micromolar concentrations [22] . These compounds undergo a variety of metabolic processes in the human body, such as dealkylation and hydroxylation. Side effects (e.g., discoloration of the skin) may be caused by the oxidation of dibenzazepines to more highly reactive radical cations and their derivatives. Determining if dibenzazepine radical derivatives are present and how it can be produced would be of interest. How the process may occur in vivo in the presence of endogenous substances (e.g., oxidase and catalase, which include iron and manganese ions) is also of interest. Therefore, this study focused on the kinetics and mechanisms of the aqueous oxidative degradation by manganese(III) pyrophosphate, which was used as an example of a coordination metal ion that could mimic endogenous manganese-containing enzymes in living organisms and was a very effective metal-containing oxidant.
Experimental

Materials
Manganese(III) acetate (Mn(CHCOO) 3 ÁH 2 O), imipramine hydrochloride, desipramine hydrochloride, clomipramine hydrochloride, opipramol dihydrochloride, acetonitrile, formic acid and all other chemicals were analytical grade reagents from Sigma-Aldrich. Water that was purified in a Millipore Milli-Q system was used to prepare all of the solutions. Stock solutions of manganese(III) were prepared by dissolving manganese(III) acetate in 0.1 M Na 4 P 2 O 7 and 1.0 M H 3 PO 4 . Manganese(III) pyrophosphate is unstable at higher temperatures and undergoes a disproportionation reaction [23] . Therefore, the stock solutions were freshly prepared before each series of kinetic measurements. Aqueous solutions of imipramine (Sigma-Aldrich) and other dibenzazepine derivatives were stored in a refrigerator at 5°C.
Spectroscopic measurements
IR spectra were acquired using a Perkin-Elmer Spectrum 2000 Fourier Transform Infrared spectrometer using KBr discs (4,000-400 cm -1 ). MS measurements were performed on a HPLC system 1100 (Agilent Technologies, Waldbronn, Germany) equipped with a quaternary pump and a UV-Vis detector, which was coupled with an Agilent 6410 Triple Quad LC/MS mass spectrometer equipped with an ESI ion source, a capillary voltage of 4.5 kV, a drying gas temperature of 300°C, a flow of 9.0 l/min and a nebulizer pressure of 40 psi. Mass spectra were acquired in the fullscan positive mode with a mass-to-charge ratio (m/z) range from 100 to 850. Chromatographic separations were performed with a C18 column (Waters, 100 mm length 9 2.1 mm i.d.) prior to the MS analysis. The composition of the mobile phase was on a gradient as follows: (A) water containing 0.2 % formic acid and (B) acetonitrile containing 0.2 % formic acid.
Kinetic measurements
For the imipramine, desipramine and clomipramine reactions, the stopped-flow measurements were performed on a Carl Zeiss Jena VSU2-G equipped with a homemade stopped-flow accessory. The reaction rate was recorded by monitoring the appearance of the product(s) visualized by an increase in absorbance of the characteristic electronic transition band(s). In the visible region of the spectrum, the characteristic electronic transition of the manganese(III)-pyrophosphate ions was observed, k max , nm (e max , dm 3 mol -1 cm -1 ): 513(85) [24] . The experimental conditions used for the oxidative degradation of imipramine, desipramine and clomipramine were as follows: 1 Át, where De is the difference in the molar absorption coefficients for the reactant and product, and l is the optical path length. The relative standard errors for the zeroth order rate constants for a single kinetic trace and mean values were ca 0.5-1 % each.
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For the reactions of opipramol, the kinetic measurements were acquired on a Shimadzu UV-1601 PC spectrophotometer equipped with a six-position cell-holder. Kinetic data were acquired and processed using UVPC personal spectroscopy software. The solutions were maintained at the desired temperature (±0.1°C) with an external Julabo F25 ultrathermostat for all measurements. The reaction was initiated by adding 0.025 cm 3 
The pseudo-first order rate constants were calculated using a non-linear fitting procedure to the first order absorbance dependence versus time. At least three kinetic runs were recorded for every combination of reagent concentrations, and the rate constants are reported as the average values. The relative standard errors of the pseudo-first order rate constants for a single kinetic trace were ca 0.5-1 %, while the relative standard errors of the mean values were usually ca 1-2 %.
Results and discussion
The analyses of the products produced from the oxidative degradation of the tricyclic antidepressants were performed using high performance liquid chromatography, IR and mass spectroscopy. The radical and intermediate products were detected using EPR, 1 H NMR and 13 C NMR and these results were discussed in detail in our earlier study [25, 26] (product 2, Scheme 1), which was different from the C-nitrosation reaction of opipramol [27] . Acridine belongs to a group of nitrogen-containing heterocyclic PAH molecules, which have recently been suggested as possible causes for the spectra observed for interstellar medium, including the unidentified IR emission bands and diffuse interstellar bands [28, 29] . The byproduct of the oxidative degradation of the heterocyclic C10 carbon atom in dibenz[b,f]azepine derivative was methanol, identified by 1 H NMR spectroscopy in our earlier study [26] . In the IR spectrum of the product after the degradation reaction, a broad absorption band was observed at 3,400 cm -1 , which was attributed to mðO À HÞ, and a sharp absorption band at 1,063 cm -1 , which was ascribed to the mðC À OÞ vibration in primary aliphatic alcohols, (Fig. 1 , Table 1 ). The bands observed at 1,614 cm -1 were mainly attributed to mðC ¼ C) stretching modes, the bands in the range of 900-700 cm -1 were attributed to out-of-plane dðC À HÞ vibrations, and the band at 1,171 cm -1 was ascribed to the in-plane dðC À HÞ mode of the aromatic ring. These vibrational frequencies were significantly different from the analogous frequencies in the IR spectrum of the reactant, which indicates that more structural changes occurred in the tricyclic heterocycle than in the aliphatic substituent after the oxidative degradation occurred. Both the reactant and product showed distinct C-H, C-C and C-N vibrations in the region of 1,457-1,304 cm -1 , which corresponded to vibrations in the aliphatic substituent. The vibrational frequencies observed at 1,266 cm -1 , which were assigned to the in-plane dðC À HÞ vibration of the C9 carbon in the central acridine ring, were observed in all acridine derivatives [30] . These data indicate that the product that was observed in the IR spectrum was a substituted acridine, which was assigned as 10- alkyl substituent is lost and the further steps lead to the products with a low yield. The reaction progress was monitored using UV-Vis spectrophotometry. As shown in Fig. 2 , the oxidative degradation resulted in an increase in the absorbance of the electronic transition of the n-p * band (k max = 360 nm), which was assigned to product 2 (Scheme 1). As the reaction progressed further, the decrease in the absorbance of the n-p * band (not shown in Fig. 2 ) is attributed to the processes in which product 2 undergoes to products 3 and 4. The second, very slow process and further steps were not investigated.
Therefore, the following set of reactions is proposed to have occurred with the manganese(III) ion:
The rate of the formation of the acridine derivative 2 was analyzed using first order kinetics. The pseudo-first order rate constants (k obs ) are shown in Table 2 . The reaction was assumed to be irreversible, and the observed rate constant was linearly dependent on [Mn III ] (Fig. 3) . The linear regression data are shown in Table 3 . The intercept and the slope were assigned as the first (k -1 ) and second-order rate constant (k 1 ) for the reaction between opipramol and manganese(III), respectively. The k -1 value was close to zero and was omitted in the second order rate law for the oxidative degradation of dibenz[b,f]azepines:
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As was shown in an earlier study, at a pH [ 2, manganese(III) undergoes a further coordination reaction with pyrophosphates [31] or the coordinated ligand in manganese(III) is deprotonated [32] . These conclusions were supported by an expected blue shift of the electronic transition band from 513 to 479 nm (pH 5.5), which was caused by the coordination reaction or deprotonation of coordinated pyrophosphate. The hydrolysis of manganese(III) should be accompanied by a bathochromic shift, which is not observable in the visible range. Increasing the concentration of the manganese(III) complexes with two and three coordinated pyrophosphates or deprotonation of coordinated ligand in the manganese(III) ion results in a decrease in the redox potential. This will reduce the rate of the oxidation reaction, which proceeds with an outer-sphere mechanism. Pyrophosphate exists in a few protolytic forms (pK a1 = 0.81, pK a1 = 2.1, pK a1 = 6.44, pK a1 = 8.91). Appropriate equilibrium constants (J i ) are presented in Table S1 , ESI [33] [34] [35] 
where 
The overall rate of product formation is the sum of the individual rate terms, Eq. 9.
Upon inserting the expressions for the concentrations of the reacting species into Eq. 9 and rearrangement, one obtains the full kinetic equation given in Eq. 10.
The observed first (k obs ) and second (k) order rate constants can be written as in Eq. 11.
The parameters k 1a , k 1b , and K a are listed in Table 4 . A similar dependence was also observed in the reaction of the second class of dibenzazepine derivatives (10,11-dihydro-5H-dibenz[b,f]azepines). The fitting results for the parameters of Eq. 11 for opipramol at k = 350 nm lead to the following rate constant values:
The value of pK a = 1.4 for the coordinated H 2 P 2 O 7 2-is significantly lower than the value of pK a3 = 6.44 for the free H 2 P 2 O 7 2-ligand (Table S1 , ESI) but is similar to pK a = 1.5 in the reaction of imipramine (see further discussion). 4-in the solution at pH 1-2.
Spectroscopic and kinetic measurements of the 10,11-dihydro-5H-dibenz[b,f]azepine derivatives reaction
The second class of dibenzazepine derivatives (10,11-dihydro-5H-dibenz[b,f]azepines) reacts according to different mechanism and leads to different products. In the chromatogram acquired after the imipramine reaction, a fraction was observed that was characteristic for the reactant, which had a retention time of 9.8 min. In addition, a few other fractions were observed including products 7, 8, and 9 (Scheme 2), which had retention times of 9.2, 11.5, and 15.5 min. Fragmentation peaks of the products can be observed in the electrospray ionization MS spectra: The products that were detected were the same as the products detected in the reaction of 10,11-dihydro-5H-dibenz[b,f]azepines with peroxodisulfate in acidic media [26] . The spectrometric MS study indicated that in the case of 10,11-dihydro-5H-dibenz[b,f]azepines, oxidative degradation resulted in the formation of a few products (i.e., the dimeric product 7, the dimeric product 8 with one substituent cleaved, and the dimeric product 9 with both substituents cleaved, see Scheme 2). ] (Fig. 6) The UV-Vis spectra provided evidence for the simultaneous formation of the intensively coloured dimer(s) (Fig. 4) . Dimer 7 absorbs intensively in the visible region (Scheme 2) at 609 nm (k lit , nm (e lit , M -1 cm -1 ): 625(29,300) [36] . The next product 8 is characterized by the electron transition band at 648 nm (k lit , nm (e lit , M -1 cm -1 ): 670(33,000) [36] . An increase of absorbance over time, which corresponds to an increase in the concentration of the resultant dimer(s), was not characterized by the induction time as in the case of the reaction of TCA derivatives with S 2 O 8 2- [26] . The kinetic traces were linear (Fig. 5) . A deviation was only observed from linearity for the lowest concentration of the manganese(III) ion. The characteristic sigmoidal shape indicated that the consecutive multiple-reaction scheme occurred for the 10,11-dihydro-5H-dibenz[b,f]azepine derivatives. After Therefore, the following set of reactions is proposed to have occurred with the manganese(III) ion:
The oxidative degradation of 10,11-dihydro-5H-dibenz[b,f]azepine derivatives referred to the increase of absorbance was investigated using the zero-order kinetics (Fig. 5) . The zeroth order rate constants (k 1 (0) ) were calculated from the linear dependence of absorbance versus time (Experimental section), which enabled the regression data to be evaluated and are collected in Table 2 . The reaction leads to different products, for that reason, the zeroth order rate constants were determined for any derivative at different wavelengths. The regression data (k 2 and k -2 ) were calculated using a fitting procedure to the linear k 1 (0) dependence versus [Mn III ]. The first order rate constants (k 2 ) refer to the slopes and are summarized in Table 5 . The reaction was assumed to be irreversible due to the insignificant intercept values (k -2 ) obtained. Thus, the first order rate law for the oxidative degradation of 10,11-dihydro-5H-dibenz[b,f]azepines can be expressed using the following equation: The first-order rate constants (k 2 ) represent the magnitude of the reactivity of this class of 10,11-dihydro-5H-dibenz[b,f]azepines and did not significantly differ among the derivatives (Table 5) . Much more distinct differences in the values of the first order rate constants were determined for any derivative at different wavelengths. The electron-withdrawing Cl substituent in clomipramine was expected to induce a lower rate constant for the reaction between the manganese(III) ion and the drug; however, this phenomenon was not observed. The k 2 values for imipramine and clomipramine were determined to be 1.89 9 10 -4 and 1.85 9 10 -4 s -1 , respectively (at 620 nm, Table 5 ). In general, these results indicate that the reactivity of the TCA derivatives is similar in the reaction with the manganese(III) ion. The higher reactivity of the phenothiazine derivatives would be expected for simple electron transfer processes, because the presence of the sulfur atom decreases the reduction potential [37] . This phenomenon is not observed in the reaction with the manganese(III) ion, [24] . The reactivity of the 10,11-dihydro-5H-dibenz[b,f]azepine derivatives is similar to the dibenz[b,f]azepine derivatives. However, oxidative degradation leads to different products.
The rate was dependent on [H ? ] as in the reaction of opipramol (dibenz[b,f]azepine derivatives). Thus, the overall rate of the product formation is as follows:
and leads to the same expression as Eq. 11. Fitting results for the parameters of Eq. 11 for imipramine at k = 620 nm are presented in Fig. 6 and leads to the following values of rate constants: k 1a = (4.8 ± 0.4) 9 10 -4 M -1 s -1 , k 1b = (0.4 ± 2) 9 10 -7 s -1 , K a = 0.031 ± 0.006 M, pK a = 1.5. The kinetics of the degradation of the dimer(s) and their derivatives referred to the decrease of absorbance (Fig. 5 , Eq. 16) was first order. However, as shown in Fig. 6 , the rate of the degradation process was independent of the manganese(III) concentration, which indicated that this process was not induced or caused by further oxidation. Furthermore, the rate constants for the degradation of imipramine and desipramine dimers were similar, (2.90 ± 0.006) 9 10 -3 s -1 and (2.92 ± 0.005) 9 10 2-), T = 298 K, k = 620 nm. However, a slight deviation from first order kinetics was observed for clomipramine, (1.27 ± 0.002) 9 10 -3 s -1 , which was primarily due to the generation of the intermediate product and further degradation to a final product, that partially precipitated. In Fig. 4B , the characteristic electronic transition band observed with a maximum that occurred at 525 nm probably can be attributed to the intermediate. 
